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Introduction
Serum albumin is the most abundant plasma protein and it provides oncotic pressure, transports bilirubin and other hormones [1] , and serves as an extracellular antioxidant agent [2] [3] [4] . Based on the potential antioxidant properties of serum albumin, emerging evidence indicates that serum albumin concentration might be associated with metabolic disorders such as type 2 diabetes and metabolic syndrome (MetS). Low serum albumin concentration enhanced the risk for incident type 2 diabetes [5] [6] [7] ; however, inverse correlations have been reported as well [8] . Serum albumin concentration was positively associated with prevalence of MetS [9, 10] , whereas increase in serum albumin over time might protect against MetS development [11] .
Previous studies that investigated associations between serum albumin and diabetes included subjects with MetS at baseline or incident MetS during the follow-up period, indicating that some portion of the included participants was already susceptible to developing type 2 diabetes, or that independent association between serum albumin and diabetes was partially interrupted by incident MetS before diabetes development. In fact, one longitudinal study showed paradoxical contributions to incident MetS by baseline serum albumin concentration and changes in serum albumin [11] . Additionally, declines in insulin sensitivity had a greater effect on diabetes development than did insulin resistance, especially in Asian populations [12, 13] . However, the association between serum albumin and glycemic alteration in subjects without evident insulin resistance has rarely been examined.
Herein, we sought to investigate whether baseline and change in serum albumin levels during an observation period could be independent risk factors for prediabetes especially impaired fasting glucose (IFG) or hemoglobin A1c (IA1c) in subjects without baseline and new MetS. We further examined the effect of serum albumin on the risk for progression to overt diabetes in prediabetic subjects.
Materials and methods

Study population
In all, 24,185 adults underwent voluntary comprehensive health check-ups between January 2006 and December 2012 at Samsung Medical Center. The health check-up programs included anthropometric data, laboratory data, and questionnaires about patient medical history and lifestyle. From the baseline data, which were collected when the participants first visited the hospital, 13,393 individuals were excluded for the following reasons (S1 Fig): 1) baseline type 2 diabetes (n = 1,321), prediabetes especially IFG or IA1c (n = 4,736) or MetS (n = 962); 2) history of cardiovascular disease including myocardial infarction or stroke (n = 692); 3) new onset type 2 diabetes (n = 28) and prediabetes (n = 2,053) within one year of follow-up; 4) diagnosis of type 2 diabetes prior to receiving an prediabetes diagnosis (n = 23); 5) < 20 years old (n = 4); 6) abnormal liver function (n = 338), which was defined as either elevated levels of total bilirubin, aspartate aminotransferase (AST) or alanine aminotransferase (ALT) that was more than twice the upper normal limit, or being positive for the hepatitis B surface antigen (n = 955) or hepatitis C antibody (n = 191); 7) estimated glomerular filtration rate (GFR) < 60 ml/min/1.73m 2 , calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula (n = 180); 8) missing clinical variables (n = 1,287); and 9) development of MetS prior to prediabetes onset (n = 985). No subjects showed evidence of cancer or chronic infection in their electronic records. Thus, the final number of participants in our study was 9,807 (4,628 men and 5,179 women).
This study was approved by the Institutional Review Board of Samsung Seoul Hospital and carried out in accordance with the recommendations of the Declaration of Helsinki.
Definitions
Prediabetes was defined as fasting plasma glucose (FPG) 100-125 mg/dl (IFG) or HbA1c 5.7-6.4% (IA1c). Diabetes was defined as FPG ! 126 mg/dl or HbA1C ! 6.5%. Subjects who were using insulin or oral antidiabetic drugs based on a self-report questionnaire given at each visit were also considered to have diabetes. The definition for MetS was established according to harmonized criteria from related federations [14] . Three or more of the following criteria constituted a diagnosis of MetS: 1) abdominal obesity (waist circumference [WC] ! 90 cm in men, and ! 80 cm in women); 2) systolic blood pressure (SBP) ! 130 mmHg, diastolic blood pressure (DBP) ! 85 mmHg, or currently taking anti-hypertensive medications; 3) triglycerides (TG) ! 150 mg/dl; 4) high density lipoprotein cholesterol (HDL-C) < 40 mg/dl in men or < 50 mg/dl in women; 5) FPG ! 100 mg/dl or use of anti-diabetic drugs. In contrast, normal weight was defined as BMI < 23 kg/m 2 , and the normal range for insulin resistance was < 2.5 [15] .
Percent change in albumin and body mass index (BMI) was obtained with the following formula: (final value-baseline value)/baseline value x 100 [11] . The final value was measured at the end of follow-up in subjects without incident prediabetes or one year before prediabetes diagnosis. Subjects with incident prediabetes was further classified to three groups according to their final metabolic status. The regression group included subjects whose fasting glucose and HbA1c returned to normal one or two years after prediabetes diagnosis, and then remained normal until the end of follow-up. The stationary group included subjects who remained prediabetic until the end of follow-up, and the progression group included subjects who developed type 2 diabetes.
Clinical and biochemical measurements
Demographic characteristics were assessed using a structured questionnaire at the first medical check-up. Blood pressure was measured at each visit by trained nurses using a mercury sphygmomanometer on the right arm while the participants sat in a comfortable position after at least 5 minutes of rest. BMI was calculated by dividing body weight by the height squared (kg/m 2 ). Venous blood samples were collected from the antecubital vein after an overnight fast, and all of the laboratory tests were carried out in the same central certified laboratory at Samsung Medical Center. Serum albumin levels were measured using the bromocresol green dye-binding method on a Roche Modular DP analyzer (Roche Diagnostics, Basel, Switzerland). HbA1c was measured using high performance liquid chromatography on an HLC-723G8 automated glycohemoglobin analyzer (TOSOH, Yokkaichi, Japan) that had been standardized to the reference method, which aligned with standards set by the Diabetes Control and Complication Trial and the National Glycohemoglobin Standardization Program. Plasma glucose level was determined using the hexokinase method with a GLU kit (Roche Diagnostics) on a Roche Modular DP analyzer (Roche Diagnostics). Participants' insulin levels were obtained through immunoradiometric assays (Biosource, Nivelles, Belgium), and insulin resistance, for which we used Homeostatic Model Assessment Index for Insulin Resistance (HOMA-IR) system, was calculated using the following formula: fasting insulin (μIU/ml) × fasting glucose (mmol/l) / 22.5 [16] .
Statistical analyses
Normally distributed data were expressed as mean ± standard deviation (SD), while unevenly distributed data were presented as medians (interquartile range : 25 th to 75 th percentile) for continuous variables and percentages for categorical variables. One-way analysis of variance (ANOVA) was used to compare continuous variables and the Chi-square test was used to analyze differences among quartiles of baseline and percent change in albumin level and other categorical variables. We used multivariate Cox regression analysis to assess the hazard ratio (HR) of prediabetes according to quartiles of serum albumin level and also for continuous variables per 1 mg/dl or 1 percent. Each Cox regression model was adjusted for potential metabolic risk factors: Model 1 was adjusted for age, gender and BMI; Model 2 was additionally adjusted for fastng glucose and HbA1c; Model 3 was further adjusted for ALT, triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), hypertension, and smoking status. Since data for C-reactive protein (CRP) were available for only 9,789 subjects, log CRP was added as a covariate in model 4. Model 5 was further adjusted for HOMA-IR which were available in 6,222 subjects. All covariates in the multivariate logistic models had a variance inflation factor < 2.0, which was considered adequate to avoid relevant multicollinearity. Linear regression analyses were also perfomed to check possible association between serum albumin and various metabolic parameters measured at baseline and prediabetes diagnosis. Receiver operating curve (ROC) analyses were used to compare the predictive power of serum albumin and other variables for diagnosing prediabetes or type 2 diabetes.
All statistical tests were two-tailed, and analyses were executed using SPSS for Windows version 23.0 (Chicago, IL, USA). A p-value < 0.05 was considered statistically significant.
Results
Baseline characteristics of total subjects according to baseline serum albumin and percent change in serum albumin level
The clinical characteristics of the study population according to baseline serum albumin quartiles are summarized in S1 Table. During 35,807 person-years of follow-up (median 3.8 years), 4,398 new cases (44.8%) of MetS were observed. However, the incidence of MetS was not statistically different across baseline albumin quartiles. Subjects were younger and had less favorable metabolic parameters (i.e., higher abdominal obesity, increased level of TC, TG, LDL-C, fasting glucose, HOMA-IR, and CRP levels), as baseline albumin quartiles increased. The proportion of current smokers increased and total body fat percent decreased across baseline albumin quartiles, as the proportion of men increased.
Clinical characteristics according to percent change in serum albumin quartiles are presented in Table 1 . The incidence of MetS significantly decreased across percent change in serum albumin quartiles (p < 0.001). The proportion of men and current smokers, waist circumference, BMI, fasting glucose, HbA1c, HOMA-IR, TC, TG, LDL-C, and HDL-C decreased across percent change in serum albumin quartiles, while body fat percent increased. Baseline serum albumin level also decreased as the percent change in serum albumin quartiles increased.
Comparison of baseline and final levels of serum albumin between subjects with and without incident prediabetes
There was no difference in baseline serum albumin levels between the two groups. However, final serum albumin levels increased significantly in subjects who did not develop prediabetes (4.48 ± 0.24 vs 4.34 ± 0.26 mg/dl, p < 0.001), compared to subjects who developed prediabetes as shown in Fig 1. Percent change in serum albumin was also apparently higher in subjects without incident prediabetes (4.77 ± 6.20 vs 1.42 ± 6.31%, p < 0.001).
Association between serum albumin and glycemic parameters measured at baseline versus at prediabetes diagnosis
Linear regression analysis showed a positive linear relationship between baseline serum albumin level and baseline fasting glucose level (standardized β = 0.125, p < 0.001), while there was no correlation between baseline serum albumin level and baseline HbA1c level. Baseline serum albumin was positively associated with baseline insulin (standardized β = 0.058, p < 0.001). However, inverse associations were found between serum albumin measured at prediabetes diagnosis and fasting glucose (standardized β = -0.043, p < 0.001) or HbA1c measured at prediabetes diagnosis (standardized β = -0.213, p < 0.001). In addition, serum albumin change showed a strong inverse correlation between fasting glucose (standardized β = -0.164, p < 0.001) or HbA1c (standardized β = -0.116, p < 0.001) measured at prediabetes diagnosis, whereas baseline serum albumin was not associated with fasting glucose or HbA1c measured at prediabetes diagnosis.
4. Association between baseline serum albumin or percent change in serum albumin and prediabetes development
The overall incidence of prediabetes in this cohort was 44.8% over a median 3.84 years. The incidence of prediabetes increased across percent change in serum albumin quartiles (p for trend < 0.001) even though it was not different across baseline albumin quartiles in Table 2 . In all crude and multivariate Cox regression models (models 1-5), baseline serum albumin as quartiles and continuous values was not associated with risk for developing prediabetes (Table 2 ). However, a higher percent change in serum albumin was significantly associated with decreasing risk of incident prediabetes in crude and multivariate Cox regression models (models 1-5) as both quartiles and continuous values ( Table 2 ). Percent change in serum albumin levels remained an independent protective factor for incident prediabetes (models 1-5) in subjects with normal BMI and waist circumference and who did not have insulin resistance (Table 3) . When total subjects were divided two subgroups according to the age of ! 60 which had highest prevalence of diabetes, increase in serum albumin concentration was still significantly associated with lower risk of prediabetes development (S2 Table) .
Percent change in BMI and percent change in serum albumin
All subjects were classified into three groups according to tertiles of BMI percent change over the observation period: decreasing BMI group (-24.07 to -1.33%), unchanged group (-1.32 to 1.70%), and increasing BMI group (1.71 to 25.60%). Regardless of baseline BMI and BMI change, the subjects with incident prediabetes showed significantly lower percent change in serum albumin level, compared to normal subjects (Table 4) . Change in serum albumin was higher in the BMI increasing group regardless of prediabetes development (Table 4) . However, higher percent change in serum albumin levels was still significantly associatied with decreasing risk of new-onset prediabetes in the multivariate Cox regression models (models 1-5), even when baseline BMI and BMI change were concurrently adjusted (S3 Table) . 6. Serial changes in serum albumin from baseline to final follow-up in prediabetic subjects
Among 4,398 subjects who developed prediabetes, 3,851 subjects had a final serum albumin level that was measured at final follow-up or at the time of diabetes diagnosis. Of these, 1,316 subjects (34.2%) were included in the regression group which included subjects who returned to normal glucose tolerance after prediabetes diagnosis. Another 2,470 subjects (64.1%) were included in the stationary group, and 65 subjects (1.7%) were included in the progression group, which developed type 2 diabetes for a median 2.44 years after their prediabetes diagnosis. Although baseline serum albumin levels were not different, serum albumin levels measured before and after prediabetes diagnosis showed a distinct pattern among the three groups (Fig  2) : Serum albumin levels kept increasing drastically until the end of follow-up in the regression group. Conversely, serum albumin levels did not increase until one year before prediabetes diagnosis in the stationary and progression groups, and then increased slightly at the time of prediabetes diagnosis. Then, serum albumin levels increased only in the stationary group at the end of follow-up while the progression group had no changes after prediabetes diagnosis. Serum albumin concentration measured at the end of follow-up was the highest in the regression group in Fig 2, compared to stationary (p = 0.014) and progression groups (p = 0.009).
Comparison of predictability for prediabetes and diabetes development between serum albumin change and other metabolic risk factors
Although the significance of percent change in serum albumin levels for predicting prediabetes did not surpass that of HbA1c which was the strongest glycemic parameter, change in serum albumin was a more significant risk factor for impaired glucose control compared to fasting glucose or BMI (S4 Table) .
In Receiver operating characteristics (ROC) curve analysis showed the area under the ROC curve (AUC) for HbA1c was the largest among the variables, and it is significantly larger than those for serum albumin change in predicting both prediabetes (p < 0.001) and diabetes (p = 0.011) development (Table 5 ). The AUC of serum albumin change was significantly larger than those for age, BMI and fasting glucose for predicting prediabetes development (all p < 0.001). However, there was no difference between AUCs for serum albumin change and AUCs of age, BMI, and fasting glucose in predicting diabetes development.
Discussion
Our data suggest that baseline serum albumin concentration was not associated with incidence of prediabetes in subjects without MetS. However, increase in serum albumin concentrations was protective against prediabetes development, regardless of baseline BMI, BMI change, or insulin resistant status. Increases in serum albumin protected against the transition from Changes in serum albumin levels from baseline to final follow-up in subjects with new-onset prediabetes. The regression group included subjects whose fasting glucose and HbA1c returned to normal one or two year after prediabetes diagnosis, and then remained normal until the end of follow-up. The stationary group included subjects who remained prediabetic until the end of follow-up, and the progression group included subjects who developed type 2 diabetes. *p < 0.05, **p < 0.01, ***p < 0.001 by paired t-test comparing two levels between the baseline and one year before prediabetes diagnosis, between the one year before and at the time of prediabetes diagnosis, and between prediabetes diagnosis and final follow-up.
Duration from baseline to oneyear before prediabetes diagnosis was 1.19 ± 0.97 year, duration from one-year before prediabetes diagnosis to diagnosis of IFG or IA1c was 1.04 ± 0.14 year, and duration from prediabetes diagnosis to final follow-up (diagnosis of diabetes or not) was 2.44 ± 1.09 year.
https://doi.org/10.1371/journal.pone.0176209.g002 prediabetes to overt type 2 diabetes in subjects without MetS. Although serum albumin change's predictive power for diagnosing prediabetes could not surpass that of HbA1c, it was stronger than those of fasting glucose, BMI, and age. Moreover, the direction of correlation between serum albumin and glycemic indices changed according to the observation points (baseline versus onset of metabolic disease). Threfore, our results emphasize the importance of serum albumin change for predicing the early glycemic abnormality instead of baseline serum albumin level itself.
Little is known about the relationship between serum albumin and prediabetes, rather than as a component of MetS, and there have been conflicting results regarding the association between serum albumin and diabetes. These discordant results might be partially due to differences in the proportion of enrolled subjects who already had baseline MetS and who developed MetS during the observation period, because serum albumin concentration has also been shown to be associated with MetS presence [9] [10] [11] and MetS is an independent risk factor for incident diabetes regardless of how it is defined [17] . However, we found that increases in serum albumin were still independently associated with a lower risk of incident IFG or IA1c after excluding subjects who had baseline MetS and new-onset MetS.
The protective effect of increasing serum albumin concentrations for impaired glucose control might be explained by albumin's role as antioxidant. A high percentage of metal ions, which are potent generators of reactive oxygen species (ROS) can bind to albumin in order to not interact with hydrogen peroxide (H 2 O 2 ); binding to H 2 O 2 leads to the formation of deleterious hydroxyl radicals [3, 18] . Additionally, serum albumin contains a single reduced cysteine residue (Cys34) that is directly able to scavenge hydroxyl radicals [19] . ROS impairs insulinsignaling pathways and induces cytotoxicity in pancreatic beta cells, which promotes development of diabetes.
In presence of oxidative stress, chronic low grade inflammation plays a crucial role in the pathogenesis of metabolic disorders [20] . C-reactive protein (CRP) is a prominent inflammation marker, and has been positively associated with various oxidative stress markers independently of traditional metabolic risk factors even in subjects without metabolic disease [21] [22] [23] . In fact, individual mean CRP levels during observation period were significantly higher in subjects with incident prediabetes than subjects without prediabetes (median 0.06, 25 mean CRP levels were inversely related with serum albumin change even after adjusting BMI change (Standardized β = -0.022, p = 0.029). Because CRP level is positively associated with various oxidative stress markers, this inverse correlation between serum albumin change and mean CRP level might support anti-oxidant role for serum albumin for preventing development of metabolic deteriorations against chronic inflammation, which increases oxidative stress. Since aggravated oxidative stress and impaired redox status are already present in prediabetic patients [24, 25] , an increase in serum antioxidant level could be an early stage adaptation for glucose deterioration. In this study, BMI increased modestly as serum albumin quartiles increased, and the percent change in BMI was positively associated with percent change in serum albumin regardless of IFG or IA1c development, even though the degree of serum albumin change was significantly lower in subjects with incident IFG or IA1c. In accord with our study, high total bilirubin, considered a type of serum antioxidant, was associated with lower prediabetes prevalence [26] . Serum uric acid level rose in subjects with prediabetes, and then decreased in subjects with diabetes [27] . Therefore, serum antioxidant levels may be capable of instigating an early increase, prior to development of overt metabolic disease such as diabetes or cardiovascular disease, to compensate for the deleterious effects of oxidative stress. Consequently, their concentrations might decrease as antioxidants are rapidly consumed, since hyperglycemia itself can accelerate ROS production via glycation or lipoxidation processes, and auto-oxidation of glucose [28] . Previously reported associations between low serum albumin and higher risk of diabetes and cardiovascular disease are partially explained by this hypothesis. We also suppose that failure to increase serum albumin is associated with progression to metabolic unhealthy status, based on serial serum albumin decrease from baseline until diabetes development with inverse correlation between serum albumin change and diabetic parameters measured at the time of prediabetes diagnosis. However, this hypothesis should be confirmed by further studies.
Our study has several limitations. We did not use the two hour postload glucose test to diagnose diabetes and prediabetes, which may have led to underestimating the incidence of prediabetes during the observation period. Also, we were not able to analyze information about diet and exercise intensity and frequency. We may have introduced a selection bias due to our retrospective design, despite the fact that this longitudinal study contained a large sample. Our study subjects may not represent the general population as well. Finally, glycated albumin which is a strong predictor of diabetes was not measured concurrently.
Conclusions
In conclusion, increase in serum albumin concentration was independently associated with lower risk of developing prediabetes especially IFG or IA1c even after eliminating the effect of metabolic syndrome. Serum albumin concentration continuously increased in subjects with prediabetes who returned to normal glycemic status, compared to those who developed overt type 2 diabetes. Therefore, the results of this longitudinal analysis indicate that increases in serum albumin concentration might protect against early glycemic deterioration and progression to overt diabetes. 
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